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A B S T R A C T 8 
In Spain, the total surface occupied by deciduous fruit species in 2019 was 190,414 ha. 9 
Peach is the second most important Prunus species with 77,464 ha and a production of 10 
1,480,000 t per year. Labour is the main production cost, amounting to 45% of the total 11 
cost in 2020 and primarily involving pruning, thinning and harvesting. The common trend 12 

regarding agronomical orchard models, in deciduous fruit species, is planting 13 
intensification, combining mid to low vigour rootstocks and training systems based on 14 

small, bi-dimensional canopies. Size-controlling rootstocks such as Rootpac-40, Isthara or 15 
Adesoto-101, among others, resulted in better yield efficiency and improved fruit quality 16 
compared with GF-677. In 7-year-old trees of ‘Luciana’ nectarine cultivar, the use of size-17 
controlling rootstock Rootpac-40 and an intensive orchard trained in central leader allowed 18 

both earlier and higher yields, resulting in a difference of 102 t.ha-1 compared with the 19 
standard Spanish gobolet system on GF-677. With ‘Noracila’ and the same combinations, 20 

the difference was 109 t.ha-1. The central leader/single row and central leader/double row 21 
training systems, despite requiring a greater orchard establishment cost, gave earlier and 22 
higher yields in ‘Ambra’ and ‘Luciana’ cultivars grafted on G-677, around 48% for double 23 

row and 30% for single row, compared to the Spanish gobelet system. Planar canopies 24 
allowed an efficient use of mechanical and manual pruning and flower thinning, which 25 

improved harvest efficiency (kg.h-1) by 28%. As a result, a production cost reduction of 26 
around 15% was recorded in comparison to the Spanish gobelet system. Greater efficiency 27 

in total labour per season enabled a reduction of 39%, from 651 h.ha-1 for the Spanish 28 
gobelet system to 398 h.ha-1 for the central leader system. Additionally, an increase in fruit 29 

quality, particularly fruit size and SSC content, due to a more uniform light distribution 30 
was observed. In these planar intensive systems, including palmette, a reduction in light 31 
interception of 17% was recorded when compared to the open vase system. Yields 32 

obtained were more related to planting density and canopy architecture than the average 33 
of intercepted light. Currently, the central leader and bi-axis are the most important 34 
systems used in intensive orchards in Spain, with planting densities from 1,900 to 3,100 35 

trees.ha-1. All these results support the sustainable intensification concept and make peach 36 
tree production more economically sustainable for growers.   37 
 38 
Keywords: peach, training systems, intensification, rootstocks, planar canopies, cost of 39 

production, efficiency, profitability, sustainability. 40 

 41 

1. Introduction 42 
 43 
Prunus species, in particular peach, cherry and almond, are among the most important tree 44 
crops in southern European countries such as Spain or Italy, the United States, Chile, and 45 
Australia. The European Union is the second largest producer of peach after China with an 46 
average annual production of 3,612,000 t in the period 2018-2020 and a total harvested 47 
area of 206,660 ha in 2019. Spain is the first country in the ranking with 77,464 ha and 48 
1,480,000 tonnes per year, followed by Italy and Greece (Europech, 2021). Annual exports 49 
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for the 2018-2020 period amounted to 55% of total production, corresponding to 826,100 50 
tonnes. Nectarine represents 41% of total annual production, followed by peach (21% flat 51 

and 18% round) and clingstone (20%). Catalonia, Aragón and Murcia, all regions located 52 
in the Mediterranean basin, are the most important areas of production.  53 

In other species, such as apple and pear, intensification started decades ago because 54 

of the availability of dwarfing rootstocks such as M9 in apple or different quince selections 55 
in pear, and because of the high cost of labour for pruning, fruit thinning and harvesting. 56 
The result has been smaller and more planar canopies compared to the gobelet system. 57 
With this particular tree architecture, mechanization is key to improving efficiency and 58 
productivity and represents the main guideline for modern fruit production. In peach, the 59 

gobelet or open vase training system has been the main techniques used in all countries, 60 
with complex 3D canopy architectures which vary depending on the country. In Spain, the 61 
Spanish gobelet system has been developed in the last two decades using vigorous 62 
rootstocks such as GF-677 or Garnem (Montserrat and Iglesias, 2011) and currently 63 
represents 92% of the total. In the last decade, new intensive orchards with planar canopies 64 

have been planted using size-controlling rootstocks to avoid the use of bio-regulators, a 65 

common practice in the traditional Spanish gobelet system (Iglesias and Echeverria, 2021). 66 

In all peach-producing countries there is a trend in orchard intensification from 3D canopy 67 
architectures, with multiple leaders per tree, to modern high-density, simple/planar designs 68 
with single, double or multiple leaders per tree. This shift to a modern orchard design is 69 
being facilitated by genetic advances (mainly dwarfing rootstocks) and horticultural 70 

techniques that control vigour (crop load management, green pruning or multiple leaders 71 
per tree). The final objective of modern orchards is to obtain early and constant yields with 72 

a high fruit quality and low production cost (Grossman and DeJong, 1998). Efficient 73 
canopies for optimum light interception and light distribution can be achieved by increasing 74 
planting density and adapting canopy architecture to the requirements of modern 75 

production technologies, including efficient mechanization and robotics. Previous results 76 
(Trentacoste et al., 2015) have shown that the lower light interception reported in planar 77 

canopies can be compensated by optimizing the inter-row planting distances. That is, 78 

optimal inter-row space is mainly dependent on the height of the canopy and the latitude. 79 

The most used inter-row distance/tree height ratio ranges from 1/1.0 to 1/1.2 in the main 80 
peach producing areas of Europe (Iglesias et al., 2021; Maldera et al., 2021). 81 

Bi-dimensional planar canopies developed in the last two decades in Spain, Italy, 82 

France and Greece have increased the efficiency of inputs, in particular labour, reducing 83 
the cost of production through better machine and labour access to the canopy whilst at the 84 

same time improving fruit quality (Iglesias and Torrents, 2020). Indeed, improving the 85 
quality of the fruit is essential if the aim is to increase the low peach consumption of Spain 86 
and other European countries (Iglesias and Echeverría, 2021). This quality can only be 87 

developed and enhanced in the orchard through the optimization of preharvest factors, of 88 
which the most influential are cultivar and rootstock selection, crop load management, fruit 89 
position in the canopy, irrigation, fertilization, pruning and training systems (Minas et al., 90 
2018). All of these factors need to be carefully considered by producers, researchers and 91 
breeders alike (Iglesias, 2022. In press). The present paper focuses on rootstocks, crop load 92 

management and training systems.    93 
 94 
2. Material and methods 95 
 96 

The results set out in this paper comprise a summary of several trails carried out at 97 

IRTA (rootstock and training system trials) and with private companies/growers 98 
(mechanization trials) in commercial orchards. All orchards were located in the area of 99 
Lleida (Ebro Valley, NE Spain). Trees were grown under a cold semiarid Mediterranean 100 

climate (Bsk in the Koppen-Geiger climate classification system) (Reig et al., 2020). The 101 
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area has around 300-500 mm annual rainfall, and 32 °C mean summer daily temperature. 102 
Soils are calcareous with pH>8 and good fertility. Orchards were managed under the rules 103 

of integrated fruit production. Common technical operations carried out in different 104 
orchards, either by hand or mechanically, are summarized in Fig. 10. The Spanish gobelet 105 
(Montserrat and Iglesias, 2011) and central leader training systems were chosen to 106 

determine the rootstock × training system effect. The main aspects of green and winter 107 
pruning during the first 3 years and in adult trees are shown in Fig. 1 and Fig. 9. The support 108 
structure used with the central leader can be seen in Fig. 9, consisting of 3 wires and 109 
wooden poles situated 12-14 m apart, depending on the orchard. In both cases, annual green 110 
pruning (manual or mechanical) is essential to achieve the most adequate tree architecture 111 

in both unproductive and productive periods. In this training system, only the leader and 112 
some short scaffolds comprise the permanent canopy structure. The fruiting structure 113 
consists of 20-25 (second year) to 35-40 one-year-old shoots, each bearing 3-4 fruits and 114 
progressively renewed year by year. The study period ranged from 7 to 11 years depending 115 
on the trial. Common determinations in all the trials were yield, tree vigour (expressed as 116 

trunk cross sectional area (TCSA) at 20 cm of graft union), yield efficiency (yield/TCSA) 117 

and fruit quality parameters. The quality parameters (fruit size, fruit firmness, soluble 118 

solids content and titratable acidity) were determined as described by Iglesias and 119 
Echeverria (2009). For the determination of tree vigour, yield and yield efficiency, 4 blocks 120 
or replications of 1 single tree per treatment and season were established, collecting a 121 
unique set of data as a mean of each block.  122 

 123 
3. Results and discussion 124 

3.1. Rootstocks, vigour, yield efficiency and fruit quality 125 
 126 
Intensification in peach can be achieved using size-controlling rootstocks. Different 127 

peach seedlings, plums, and interspecific Prunus hybrids such as Nemaguard, Controller-128 
5, Controller-6, Montclar, Adesoto-101, Montizo, Isthara or Penta, have been used as peach 129 
rootstocks in the US and different European countries, with some selected for vigour 130 

control (DeJong et al., 2005; Iglesias, 2018; Reig et al., 2020; Reighard et al. 2020). In the 131 

last two decades, additional vigour-controlling rootstocks have been introduced, both in 132 

experimental and commercial plots (Fig. 2). In Spain, numerous trials have been conducted 133 
that demonstrate the effect of rootstock on fruit size and yield efficiency (Iglesias and 134 

Carbó, 2006; Iglesias, 2018; Iglesias et al., 2020), in particular with the rootstocks Rootpac-135 
40, Rootpac-20 and Isthara and some plum rootstocks such as Adesoto-101, MRS 2/5, 136 
Penta or Tetra.  137 

The effect of the rootstock on the agronomical performance of ‘Big Top’ nectarine 138 

grafted on 20 rootstocks was evaluated in a long-term trial carried out at IRTA in the Ebro 139 
Valley (NE Spain) (Reig et al., 2020). Common planting distance for all rootstocks was 5.0 140 
× 2.6 m. Trees were all Spanish gobelet-trained. The criteria established for the first pick 141 
were fruit size >65 mm Ø and fruit colour coverage >80%. Among the rootstocks, the 142 
highest vigour was recorded with Rootpac-70 and PADAC-0403, followed by PS, Garnem 143 

and GF-677. The lowest vigour was obtained with Poluce. The rest of the rootstocks were 144 

similar in terms of tree vigour. Since the vigour of the rootstocks is different and the spacing 145 

is the same, it is better to use yield efficiency to estimate their potential interest. Krymsk-146 
1 provided the best yield efficiency and the lowest tree vigour, but showed clear symptoms 147 
of a lack of compatibility with ‘Big Top’ nectarine. Among others, Rootpac-40 provided 148 
one of the best yield efficiencies (Fig. 3), the best fruit size distribution (Fig. 4) and the 149 
best average yield harvested in the first pick (Fig. 5). Furthermore, based on firmness, 150 

Rootpac-40 anticipated fruit ripening by 7 days compared to GF-677. Similar positive 151 
results were obtained with Adesoto-101, Isthara, Penta and IRTA-1 in terms of yield 152 
efficiency, but not in relation to fruit size and in terms of advancing harvest date. Most of 153 
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the plum rootstocks tested in this trial, namely AD-105, Krimsk-1, Adesoto-101, Pacer-154 
01.36 and Padac-150, are sensitive to root sucker emission (Reig et al., 2020).   155 

 156 
3.2. Training systems, cost of establishment and cost of production 157 

 158 
The open vase training system, in combination with different 3D canopy 159 

architectures, continues to be the most used system in the main peach producing countries 160 
(the US, Spain, Italy, Greece and France). In the US, the main system is the traditional 161 

open vase with semi-vigorous rootstocks such as Nemaguard or Lowell (Fig. 2), with a 162 
progressive development of more intensive orchards with size-controlling rootstocks 163 
(Grossman and DeJong, 1998; Anthony and Minas, 2021). In Italy, axial systems such as 164 
the fusetto or palmette with the use of platforms have been employed for decades. Several 165 
plum rootstocks, such as Adesoto-101 as well as more vigorous rootstocks like GF-677, 166 

have also been widely used. These types of orchard are usually not pedestrian, and the use 167 
of platforms is common (Corelli-Grappadelli, 1998; Vittone et al., 2020). In Spain, the 168 
open vase adaptation is known as the Spanish gobolet, Spanish bush or Catalan vase, 169 

representing 92% of total production. The basis for efficient training of this system has 170 
been described by Montserrat and Iglesias (2011) and Iglesias and Echeverría (2021). The 171 
common spacing is 5 x 3 m with heights ranging from 2.3 to 3.0 m (667 trees ha-1). The 172 
use of high vigour rootstocks like GF- 677, Garnem or Cadaman is common, and indeed 173 

required to rapidly occupy the space assigned to each tree and achieve maximum yield as 174 

soon as possible. In the fourth year, full yield is reached for most cultivars with yields 175 
ranging from 35 to 65 t.ha-1. When the tree canopy has fully developed, use of the growth 176 
regulator (paclobutrazol) is necessary to properly manage tree vigour. The increasing 177 

restrictions imposed by EU regulations on the use of growth regulators, such as 178 
paclobutrazol, could restrict in the future the use of vigorous rootstocks associated with 179 

this training system.  180 
Labour is one of the most important production costs in growing deciduous fruit 181 

trees, in particular in peach or cherry orchards, though of less importance in nuts (almond, 182 

walnut or hazelnut) (Iglesias, 2019; Iglesias et al., 2021). In recent decades, a significant 183 

increase in labour costs and a shortage of labour have become common in all countries. 184 

The cumulative increase in the cost of production has been much higher than the increase 185 
in the price received for the fruit by the growers in the most important production areas of 186 

Spain (Fig. 6). Total cost of production, varies from 0.45 to 0.28 cts €.kg-1 for an early (30 187 
t.ha-1) and a late harvest variety (55 t.ha-1), respectively. It is mainly dependent on labour, 188 
which represents 45% of the total in the traditional Spanish gobelet system, followed by 189 
fertilizers, crop protection and soil management. Harvest, fruit thinning and pruning are 190 

the most important costs with a high labour demand (Fig. 7). While such costs can be 191 
partially reduced by replacing manual labour with mechanization (Iglesias, 2019), this 192 
requires efficient planar canopies which are more accessible to both labour and machines 193 
(Iglesias, 2019; Iglesias, 2022. In press). In addition, bidimensional canopies in peach are 194 
more efficient in the use of pesticides and fungicides (Table 1), reducing drift and 195 

consequently the environmental impact and the cost of production (Iglesias, 2021).  196 

One of the most important costs in peach production is harvesting (Fig. 7). In the 197 

same trail described below in section 3.4., the harvest rate was determined with the aim of 198 
establishing the effect of intensification on yield and fruit quality. Adult trees of the 199 
midseason cultivar ‘Luciana’ had a harvest rate of 120 kg.h-person-1 for the Spanish gobelet 200 
system and 210 kg.hr-person-1 for the central leader, platform-assisted, system. 201 
Considering a mean labour price of 8.5 €.hr-1 (2020), the equivalent harvest cost.kg-1 was 202 

7.0 cts €.kg-1 for the Spanish gobelet system and 4.0 cts €.kg-1 for the central leader system. 203 
By developing planar canopies with size-controlling rootstocks and using mechanization 204 
for pruning, thinning and harvest, including more efficient spraying, the total cost of 205 
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production was reduced by 2,647 €.ha-1 or 1,933 €.ha-1 considering the annual amortization 206 
cost of 714 €.ha-1 (Table 1). The total labour requirements per season were reduced from 207 

651 to 398 h.ha-1 when intensive planting orchards and planar canopies were used. This 208 
represents a 39% decrease in required labour due to greater efficiency. Despite this 209 
advantage, for intensive orchards the cost of planting is more than twice as high compared 210 

with the standard Spanish gobelet system. To calculate the current annual cost, we 211 
considered a total planting cost of 8,000 €.ha-1 for the Spanish gobelet system and 18,000 212 
€.ha-1 for the central leader system and a lifespan of 14 years, which resulted in an increased 213 
annual cost of amortization of 714 €.ha-1 , including interest costs, for the intensive system 214 
(Table 1). 215 

To evaluate the effect of intensification, a second trial was initiated in 2011 to 216 
evaluate the agronomical and economic performance of ‘Ambra’ and ‘Luciana’ trained in 217 
double row and single row, both with the central leader system, compared with the Spanish 218 
gobelet system. The main characteristics and results of this trial corresponding to the period 219 
2012-2017 are shown in Table 2 and Fig. 8. It can be observed that the two training systems 220 

with bidimensional canopies (central leader in single and double row), resulted in early 221 

yields and greater cumulative income for the grower, in particular with the double row. In 222 

contrast, the lowest cost of establishment and annual amortization was for the Spanish 223 
gobelet system, followed by the single row and double row. Even in a low-price scenario, 224 
as in the period 2012-2017, and considering the higher cost of establishment and 225 
amortization of both intensive systems, the additional income for the grower was positive 226 

and improved rapidly when the price rose in the case of ‘Ambra’ (Table 2).  227 
In peach, the process of intensification towards smaller trees and 2D canopies, has 228 

not been as fast as in other crops such as pear, apple or cherry, mainly due to the lack of 229 
efficient size-controlling rootstocks (Iglesias, 2022. In press). The interest in developing 230 
bidimensional canopies and intensive training systems such as the central leader, bi-axis, 231 

or multileader (Fig. 9) is because of the potential for early and higher yields (Fig. 8 and 13) 232 
and the reduction of the cost of production, in particular labour. This is mainly due to the 233 

use of mechanical flower and/or fruit thinning, summer/winter pruning, and mechanical 234 

platforms for assisted harvesting (Table 1 and Fig. 10).  235 

Different planar and intensive systems have been used in Spain for decades, but at 236 
a lower rate (about 8%) compared to the Spanish gobelet system. The triple axis and 237 

palmette systems are used in all areas with the same vigorous or semi-vigorous rootstocks 238 

as in the Spanish gobelet system. The use of growth regulator is common. Planting densities 239 
range from 3.5-4.0 × 1.5-2.5 m, achieving densities of 1,000-1,905-trees.ha-1. Over the 240 

years the triple axis has gained in popularity compared to the palmette. Interest in the latter 241 
system has decreased because it requires more specialized labour during the first two years 242 
for the optimal occupation of space between trees compared to the central leader and 243 

Spanish gobelet systems (Fig. 1 and 9). Advantages of this system include the mid-planting 244 
density combined with a planar system, the benefits of canopy accessibility, mechanization 245 
and the good vigour control when semi-vigorous or vigorous rootstocks are used (Corelli-246 
Grappadelli, 1998; Anthony and Minas, 2021). 247 

An interesting option to reduce the cost of orchard establishment is to use the bi-248 

axis system in a direction parallel to the row, thereby creating a homogenous, continuous 249 
fruiting wall. Planting densities range from 3.0-3.5 m × 1.0-1.5 m, achieving densities of 250 
1,905 to 3,333 trees.ha-1. This system achieves and/or increases the total number of leaders 251 
per hectare with fewer trees (Fig. 9). This is a major benefit for growers wishing to reduce 252 

upfront orchard establishment costs. This system is not as easy as the central leader to train 253 
during the first two years. Nevertheless, it achieves high light interception values, but also 254 
prioritizes uniform light distribution and high light penetration as these canopies are 255 
managed to be quite narrow (60-80 cm in depth) by mechanical pruning (Fig. 10 and 11). 256 
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In addition, the combination of intensification and two-fold leaders results in better control 257 
of vigour and a greater planar canopy compared with the central leader system. This is an 258 

interesting option for early and vigorous varieties grafted on semi-vigorous rootstocks such 259 
as Montclar, Cadaman or Rootpac-R (Fig. 2) and fertile soils.  260 

The central leader system is increasingly used in Spain, mainly in combination with 261 

size-controlling rootstocks (Rootpac series, plums or other interspecific hybrids such as 262 
Isthara) (Fig. 2). Different options have been developed in different countries, including 263 
fusetto, tall spindle axe, slender spindle axe or free spindle (Loreti et al., 2002; Anthony 264 
and Minas, 2021). Planting densities range from 3.0-3.5 m × 0.6 x 1.3 m, achieving 265 
densities from 2,198 to 5,555 trees.ha-1. With respect to the trials reported in this paper, the 266 

central leader characteristics are described in section 2 (Material and methods). This is the 267 
simplest system to train trees during the first two years since it only requires, in comparison 268 
with the bi-axis, triple axis or multileader system, a relatively easy manual task of green 269 
pruning combined with mechanical pruning (Fig. 1 and 10). In this high-density planting 270 
system, the integration of optimum spacing, summer pruning and waterspout removal are 271 

key to ensure optimal light interception, penetration and distribution values. The objective 272 

of all these techniques is to achieve a “true” fruiting wall, capable of inducing early and 273 

constant yields, while integrating the use of machines for thinning and pruning as well as 274 
platforms for labour reduction. All these benefits can be also attained with pedestrian 275 
orchards by resizing the inter-row/tree height ration based on the latitude (Iglesias et al., 276 
2021).  277 

Multi-leader is a new training system based on several axes spaced around 30 cm 278 
apart, inserted vertically in two (Fig. 9) or one (Fig. 11) horizontal permanent 279 

scaffolds/arms. The objective is to create a homogenous and continuous fruiting wall to 280 
manage as a pedestrian or non-pedestrian system, depending on rootstock vigour, with a 281 
tree height from 2.4 to 3.2 m. The main advantages of this system are the narrow canopy 282 

(30-40 cm in depth), resulting in optimum light exposure and accessibility to manual works 283 
and machines (Fig. 11), combined with medium density planting. The cost of the support 284 

structure and orchard establishment during the two first years is much higher than for the 285 

central leader, bi-axis or triple axis systems. Common planting densities range from 2.0-286 

2.5 m (inter-rows) × 1.4-2.5 m (inter-trees), achieving densities from 1,600 to 3,571 287 
trees.ha-1. Different trials are ongoing to test its performance in Spain, Italy, Greece, and 288 

Australia. They have largely been undertaken in the last decade in both experimental and 289 

commercial orchards of apple and cherry UFOs (upright fruiting offshoots) in different 290 
countries. 291 

 292 
3.3. Training system flower/fruit thinning 293 
 294 

Flower and fruit thinning represents 15% of the total production cost as shown in 295 
Fig. 7, in particular for high blooming intensity and early harvest varieties. Flower and fruit 296 
thinning has an effect on crop load management and, consequently, on peach quality 297 
(Sutton et al., 2020). In Spain and Italy, mechanical flower thinning is a common practice 298 

in intensive peach orchards of early and mid-season varieties with high or mid blooming 299 

intensity. It is applied at 10%-60% of bloom (Vittone et al., 2010; Iglesias and Echeverría, 300 

2021). The results obtained on 8-year-old trees of cv ‘Ambra’ (early season) trained in 301 
Spanish gobelet and central leader systems, applying either standard manual fruit thinning 302 
or mechanical flower thinning with a Darwin machine (Fruit Tec) and complementary hand 303 
thinning of fruits are shown in Fig. 12. Flower thinning has a positive effect on fruit size 304 
distribution and some quality parameters, leading to an increase in SSC and fruit weight. 305 

Fruit quality (fruit size, colour, SSC) is directly related to the price received by growers, 306 
especially in early season cultivars (Iglesias and Echeverría, 2009). The total cost of 307 
thinning (hand fruit thinning vs. mechanical with Darwin plus complementary hand 308 
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thinning) was reduced from 1,785 €.ha-1 to 836 €.ha-1, respectively (Table 1). With the 309 
Spanish gobelet system, use of the Ericius rotor machine adapted to the tractor and used 310 

for flower thinning resulted in a cost reduction from 1,785 €.ha-1 to 1,346 €.ha-1.  311 
 312 

3.4. Training systems and intensification with standard and size controlling rootstocks 313 
 314 

In this section, we describe the results obtained from two trials. The first used the 315 
same rootstock GF-677 and two training systems: central leader and Spanish gobelet plus 316 

paclobutrazol as a growth regulator applied in both training systems. In the second, 317 
rootstock vigour was adapted to the training system: Rootpac-40 for the central leader 318 
system and GF-677 for the Spanish gobelet system. Both training systems had a similar 319 
crop load management. 320 

The first trial was stablished in a commercial orchard in the area of Lleida (Ebro 321 

Valley, NE Spain). The aim of this trial was to assess how the training system 322 
(intensification) affects yield and fruit quality. The two cultivars used were ‘Ambra’ (early-323 
season) and ‘Luciana’ (mid-season). Both cultivars were grafted on GF-677. Trees were 324 

planted in February 2011 as dormant bud with a spacing of 3.5 ×1.0 m (central leader single 325 
row), 3.5 × 1.0 × 1.5 m (central leader double row) and 5 × 3 m for the Spanish gobelet 326 
system. Planting densities and cost of planting are presented in Table 2. Paclobutrazol was 327 
applied, after the second year, through a drip irrigation system at a constant dosage of 0.60 328 

l.ha-1 when one-year-old shots reached 20 cm long. At the end of the first year, the central 329 

leader trained trees (single row and double row) almost reached the entire volume assigned 330 
to them because of the high vigour conferred by the rootstock. This resulted in early yields 331 
compared to the Spanish gobelet system. In contrast, with the Spanish gobelet the space 332 

assigned to each tree was not fully covered until the end of the third year (Fig. 1). 333 
Cumulative yields obtained across the 2012 (2nd year) to 2017 (7th year) period are 334 

illustrated in Fig. 8. Increasing planting density with the central leader system (single and 335 
double row), together with a superior tree height, resulted in higher annual and cumulative 336 
yields compared with the Spanish gobelet system. In the case of the central leader system, 337 

the use of a small sledge was required to reach around 20% of the fruit, while in the Spanish 338 

gobelet system almost 90% of the fruit could be reached from the ground. Regarding fruit 339 

colour, fruit size and SSC content, no differences were recorded in ‘Luciana’, a high colour 340 
variety. However, fruit colour and SSC content were improved in ‘Ambra’, trained in both 341 

single and double row and compared with the Spanish gobelet system (data not shown). 342 
Tree vigour, determined as TCSA per each variety in November 2017, showed differences 343 
between the Spanish gobelet and central leader systems of -32% and -28% for ‘Ambra’ and 344 
‘Luciana’, respectively. The results are aligned with the data shown in Fig. 13 with the 345 

same variety ‘Luciana’ grafted on GF-677. Considering the superior cost of establishment 346 
of intensive training systems (single row and double row), the additional profit for the 347 
grower improved rapidly when the fruit price was higher, as in the case of ‘Ambra’ (Table 348 
2). In a scenario of good or very good fruit prices due to varietal innovation and a favorable 349 
market situation, the benefit of intensification is evident, either with single or double row 350 

central leader systems.  351 

The above results show the interest of intensification with the use of paclobutrazol, 352 

currently registered in Spain, but of uncertain availability in the future. For this reason, a 353 
second trial using a size-controlling rootstock was conducted with ‘Noracila’ (early-354 
season) and ‘Luciana’ (mid-season) cultivars, both grafted on Rootpac-40 and GF-677. 355 
Trees were planted as one-year-old trees (June graft) in December 2010 and trained with 356 
the central leader  (spacing 3.5 × 1.1 m) and Spanish gobelet system (5 × 3 m), respectively. 357 

Paclobutrazol was applied for vigour control only in the trees grafted on GF-677. Tree 358 
height was established at 3.2 m for the central leader and 2.4 m for the Spanish gobelet 359 
systems. The annual and cumulative yields of 7-year-old trees are shown in Fig. 13. In both 360 
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varieties, the use of size-controlling vigour rootstock Rootpac-40 resulted in early and 361 
higher annual and cumulative yields when compared with the Spanish gobelet system on 362 

GF-677. Fruit size was determined by grading 4 trees of each combination per season and 363 
cultivar. Mean fruit size values obtained for ‘Noracila’ were 71% and 88% of the fruits in 364 
the interval Ø 61-67 mm (Cat. B) for GF-677 and Rootpac-40, respectively. For ‘Luciana’ 365 

these values were 74% and 85% of the fruits in the interval Ø 67-73 mm (Cat. A).  366 
 367 

3.5. Training system effect on investment cost, agronomical performance, and light 368 
interception 369 
 370 

The effect of training systems on yield, fruit quality and profitability in peach have 371 

been previously reported (Corelli-Grappadelli and Marini, 2008; Sutton et al., 2020). Table 372 
3 and Fig. 14 show the results obtained in a trial conducted by Nuñez et al. (2006) with the 373 
cultivar 'O'Henry' grafted on Montclar and planted in 1995, in which six training systems 374 
(from flat canopy to 3D canopy) and one additional training system (narrow central leader), 375 
which was tested in the same trial but not included in this publication, were evaluated. 376 

These were evaluated for 10 years. Planting distance, planting density, cumulative yields, 377 
costs and NPVs (net present values) corresponding to all the systems are shown in Table 378 
3. Cost of planting was directly related to planting density and support structure. In this 379 

case, both central leader systems were the most expensive, followed by Y-trellis. The 380 
highest cumulative yield was obtained with the narrow central leader, ypsilon, palmette 381 
and Y-trellis systems, and the lowest with the double Y system. Therefore, yield potential 382 
of angled canopies (T-trellis and Ypsilon) was similar to central leader but lower than 383 

narrow central leader. The highest variable cost, based on the traditional open vase system 384 
(not the Spanish gobelet), were recorded for the Y-trellis and the narrow central leader 385 

systems, both due to a higher cost of establishment. Considering economic profitability and 386 
taking into account mean grower average price for the period 1997-2005 (0.42 €.kg-1), the 387 
most interesting systems were the narrow central leader and the transversal ypsilon 388 

(without support structure) and the least interesting were the double Y and the open vase 389 
due to their lower yields. This higher profitability of the narrow central leader system was 390 

due to the higher cumulative yields despite the higher cost of establishment, which was 391 
related to the higher planting density and the need for a support structure. 392 

In the same trial, light interception was evaluated for different training systems for 393 
three consecutive years (2003-2005), measured on 5 sunny days in July of each year, using 394 
a Sun Scan SS1-UM-1.05 ceptometer within the PAR (photosynthetically active radiation) 395 
wavelength band of 400-700 nm. The results obtained were expressed as a percentage of 396 

total above canopy PAR and are shown in Fig. 14. Diurnal trend was nearly symmetric 397 
around solar noon.  The maximum differences between treatments occurred at around noon. 398 
The largest inception values were obtained from 3D canopy systems like the Y-trellis, open 399 
vase, transversal ypsilon and double Y. The lowest values were registered with more or 400 
less 2D vertical canopies, namely the palmette followed by the central leader and narrow 401 

central leader systems. When the mean value (%) for the whole day was calculated, 402 
differences between systems were substantially reduced, as can be seen in Fig. 14, ranging 403 
from 70% to 89% for palmette and Y-trellis, respectively. The difference between the 404 

double Y (similar to the Spanish gobelet) and narrow central leader systems was only 6%. 405 
Intensification from the central leader towards the narrow central leader system resulted in 406 
a 3% increase in intercepted light. The reduction of light interception in planar canopies 407 
(palmette and central leaders), was compensated by a greater planting density and tree 408 

height.  409 
 410 
Our results are in accordance with those reported by Whiting (2018) in cherry 411 

indicating similar values of light intercepted when Y-trellis and UFO (similar to palmette). 412 
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However, yield potential of angled canopies was greater than planar canopy (UFO). Similar 413 
values of light intercepted have been also published by other authors in almond when 414 

comparing the open vase with the super high density (SHD) system (Casanova-Gascón et 415 
al., 2019; Iglesias et al., 2021). These data demonstrated, for a specific combination of 416 
variety/rootstock, that training system affects light interception and yield, as also reported 417 

by several authors in apple (Palmer, 1989), pear (Musacchi et al., 2021), peach (Corelli-418 
Grappadelli and Marini, 2008; Iglesias, 2019), cherry (Long et al., 2015, Lugli et al., 2015), 419 
or almond (Iglesias et al., 2021). In this trial, no linear relationship between light 420 
intercepted and cumulative yield was found (Table 3 and Fig. 14). Therefore, yields were 421 
more related with planting density and canopy architecture than the daily average of light 422 

intercepted. 423 
The data shown clearly demonstrate the benefits of intensification. Yields obtained 424 

with central leader systems have been always precocious and superior to those with the 425 
Spanish gobelet system. Small trees and bidimensional canopies result in better 426 
accessibility to the canopy for labour and machines. These benefits compensate the 427 

superior establishment cost of intensive orchards with reasonable fruit prices for the 428 

growers. In addition, this planar canopy architecture opens the door to the adoption of 429 

future advancements in precision production technology through the development of 430 
multispectral cameras, monitorization or robotic harvesting, providing useful data and tools 431 
for the optimization of inputs such as labour, water, fertilizers and pesticides. 432 

 433 

4. Conclusions 434 
 435 

Intensification combining size-controlling rootstocks and training systems based on 436 

small and bidimensional canopies result in more efficient use of inputs, in particular labour, 437 
reducing the cost of production and increasing the economic sustainability of orchards. 438 

Peach production involves high labour-intensive tasks such as pruning, thinning or 439 
harvesting. Planar canopies allow for easier access and higher efficiency of both workers 440 
and machines. In addition to labour cost reductions, bidimensional canopies combined with 441 

intensification lead to a reduction of labour in terms of training the trees during the initial 442 

years, as well as early and higher cumulative yields. As in other species such as apple, pear 443 

or cherry, providing technical data in peach about varieties × rootstocks, cost of orchard 444 
establishment and cost of production, training systems, pruning and mechanization options 445 

will be useful for growers in the transition towards more efficient and sustainable orchards. 446 
All these factors must be the main focus for producers, researchers and breeders alike. 447 

 448 
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 537 
 538 

Figures 539 

 540 

Fig. 1. The two training systems selected for the different trials: the Spanish gobelet (top) 541 
and central leader (below). The main green and winter pruning operations from planting to 542 

adult trees are indicated.    543 
 544 

Fig. 2. Vigour conferred by different rootstocks in peach, from more (left) to less vigour 545 
(right).   546 
 547 

Fig. 3. Tree vigour (TCSA) and yield efficiency (YE) after 10th year of ‘Big Top’ nectarine 548 
grafted on 20 Prunus rootstocks (Reig et al., 2020). Vertical bars (blue for vigour, red for 549 

YE) represent the LSD at P ≤ 0.05 (Reig et al., 2020). 550 
 551 

Fig. 4. Mean fruit size distribution percentage (%) from 3rd leaf to 11th year of ‘Big Top’ 552 
nectarine grafted on 20 Prunus rootstocks. Vertical bars indicate the standard error per fruit 553 

size (Reig et al., 2020).  554 
 555 

Fig. 5. Mean yield percentage values (%) for each harvest (1st and 2nd) from 3rd to 11th year, 556 
of ‘Big Top’ nectarine grafted on 20 Prunus rootstock. Vertical bars indicate the standard 557 
error per harvest (Reig et al., 2020).  558 

 559 
Fig. 6. Evolution of labour cost (€.h-1) and mean grower price (€.kg-1) at constant prices 560 

for a mid-season nectarine variety in the Ebro Valley (NE Spain) across the period 2002-561 
2020.  562 
 563 
Fig. 7. Cost of production in 2020 for mid-season nectarine cultivar ‘Luciana’ (40 t/ha), 564 
trained in the Spanish goblet system in the Ebro Valley (NE Spain), with spacing 5 x 3 m 565 

and expected lifespan of 12 years.  566 
 567 

Fig. 8. Annual and cumulative yields of 7-year-old trees of nectarine cultivars ‘Ambra’ and 568 
‘Luciana’ grafted on INRA GF-677 in central leader (C.L.; Single and Double row) and 569 
Spanish gobelet training systems in the Ebro Valley (NE Spain). Different letters, for the 570 
same variety, indicate significant differences according to Tukey HSD Test at P ≤ 0.05. 571 
 572 
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Fig. 9. Different options for planar orchards systems in peach: from central axis to the 573 
multi-leader system. Indicative planting distances are indicated for each system. 574 

 575 
Fig. 10. Illustrative timeline representing different cultivation operations for peach, from 576 
pruning to harvest, fertigation, and crop protection in the Ebro Valley (NE Spain).  577 

 578 
Fig. 11. Intensification of orchards and reduction of tree canopy towards planar canopies 579 
in deciduous fruit species. In the upper part of the figure, vertical projection of the canopy 580 
can be observed. 581 
 582 

Fig. 12. The effect of flower or fruit thinning on fruit size distribution and fruit quality 583 
parameters in 8-year-old trees of cultivar ‘Ambra’ (early season) grafted on GF-677 584 
rootstock at Lleida (Ebro Valley-Spain) and trained in Spanish gobelet (hand fruit thinning) 585 
and central leader (flower thinning + hand fruit thinning) systems. Different letters, for the 586 
same categorized fruit size and quality parameter (table), indicate significant differences 587 

according to Tukey HSD Test at P ≤ 0.05. 588 

Fig. 13. Annual and cumulative yields of 7-year-old trees of nectarine cultivars ‘Noracila’ 589 

(early season) and ’Luciana’ (mid-season) grafted on Rootpac-40 (central leader ) and GF-590 
677 (Spanish gobelet) represented as mean values of different orchards in the Ebro Valley 591 
(Spain). Different letters, for the same variety, indicate significant differences according to 592 
Tukey HSD Test  at P ≤ 0.05. 593 

 594 
 595 

Fig. 14. Mean hourly values of light interception, expressed as % above canopy available 596 

PAR (mol.m-2.seg-1), corresponding to different training systems for the period 2003-597 

2005.  Mean percentage (%) values along the day for each system are also shown.   598 
 599 
 600 

Fig. 1 601 

 602 

 603 
 604 
 605 
 606 
 607 
 608 
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Fig. 2 609 
 610 

 611 

 612 
 613 
 614 
 615 

Fig. 3 616 
 617 

 618 
 619 

 620 
(*) Controller-5 and Controller-9 planted two years later. 621 
(**) Krimsk-1 was not compatible with ‘Big Top’ nectarine.   622 
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Fig. 4  632 
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Fig. 8 678 
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Fig. 10 702 
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Fig. 12  723 
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Fig. 13 732 
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Fig. 14  740 
 741 

 742 

 743 
 744 

 745 
Table 1 746 

Training system and rootstock effect on yield, production cost and labour efficiency for 747 
10-year-old trees of cultivar ‘Luciana’ in Lleida (Ebro Valley, NE Spain) in 2020.  748 

 749 

 750 
 751 

 752 
 753 
 754 

Table 2 755 
Characteristics of three training systems, prices and cumulative income for grower 756 
corresponding to the period 2012-2017 for varieties ‘Ambra’ (AM.) and ‘Luciana’ (LU.) 757 
grafted on GF-677 and planted in February 2011 in Lleida (Ebro Valley, NE Spain).  758 

 759 

 760 
 761 

   762 
 763 

Labour cost considered: 8.5 €.h-1 (2020). 

(+): including annual amortization = 714 €.year-1 (14 years lifespan. Cost of establishment 8,000  €.ha-1 SG and 18,000 €.ha-1 CL.  
* CL = Central leader; SG = Spanish gobelet 
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Table 3  764 
Performance of several training systems with cultivar ‘O.Henry’ grafted on Montclar 765 

rootstock in a 10-year trial (1995-2005) at the EE Lleida-IRTA (Ebro Valley, Spain) 766 
planted in 1995. Open vase was used as the reference. Adapted from Nuñez et al., 2006.  767 
 768 

 769 
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